D
uring the past five years, the commercial use of free space optics has grown exponentially because the technology offers the potential to connect-at extremely high bandwidths (0.1-1 Gbit/s or more)-the millions of Internet telecom users located within the "last mile," the term used to describe the bottleneck restricting high speed communication into the home and office. Although cable (coax) TV lines offer 1 Gbit/s Internet capability, this bandwidth must be shared among different users and channels within a neighborhood, or hub. The recently introduced RF wireless 802.11b home routers have the capability to link office and home computers wirelessly to a common hub at bandwidths of 11 Mbit/s, but their capacity can become crowded when many computers are being used at the same time, for example, in a campus library. Most 802.11b RF wireless computer links can handle up to thirty "light" users (i.e., e-mail and Web access), but bog down in data rate if FTP file transfer, streaming video or classroom Web links are addressed simultaneously.
In the metro market, within offices and homes, demand is expected to continue to grow in the area of individual high bandwidth connectivity. High bandwidth optical access, and FSO in particular, may represent the optimal technical solution since only optics can offer the individual user so much bandwidth. As the National Academy/National Research Council Committee on Optical Science and Engineering (COSE) report stated, "The Terabit/s era
Free Space Optics
For Laser Communication Through the Air nology for the recent development of commercial FSO.
Factors behind market growth
The recent explosion in commercial development of FSO systems has been driven by demand for high bandwidth Internet connectivity in places where optical fiber is just too expensive to install. In cities, the price of laying fiber from one building to another-even just across the street-may be $300,000. It may take six months to obtain (or fail to obtain!) a permit. On the technology side, another factor fueling market growth has been the advent of directly modulated, moderate power diode lasers and inexpensive, compact lightemitting-diodes (LEDs), which has allowed the development of low-to-moderate-cost FSO systems for short to moderate ranges.
During the past five years, the design of many commercial FSO systems has gravitated toward shorter range (100-500 m), lower cost solutions that use moderate power (10-100 mW) diode lasers or LEDs.
3 Today, about 15 companies sell FSO systems that range in price from $1000 for 10 Mbit/s systems to $20,000-$100,000 for those with advanced capabilities (1-10 Gbit/s). Several companies have installed or sold nearly 5000 FSO systems each; some are implementing complete networking capability in point-to-multipoint or mesh-net configurations. 4 As an example of FSO's usefulness and ease of deployment, several FSO units were used to re-establish the high bandwidth data links used by Merrill Lynch Brokerage on Wall Street within days of the terrorist attack on the World Trade Center. 
The origins of FSO
A significant share of the early laser telecommunication and laser atmospheric propagation studies were conducted in the 1970s and 1980s in the development of military electro-optic instruments, laser radar systems and secure communication data links. Several laser FSO communication systems were developed in the 1980s for secure ship-to-ship communication and ground-to-aircraft applications. During the past decade, a number of secure laser communication systems for groundto-satellite and satellite-to-satellite use were developed and launched.
2 Most of these early Defense Department systems:
• were designed to be used for long-range (50-1000 km) communication links;
• used either high power (1-200 W) 10-m-wavelength CO 2 lasers, 1.06-m-Nd:YAG lasers, 0.85-m-GaAs lasers, or 1.5-m-diode/Er:fiber-amplifier lasers;
• involved complex tracking systems, multiple detector receivers or adaptive optics to compensate for atmospheric turbulence;
• often were not considered eye safe.
These DoD FSO systems and laser atmospheric studies provided much of the scientific groundwork in laser, propagation, signal processing and detector tech- 
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A typical system
A typical free space optics communication system consists of: a small laser source that can be directly modulated in intensity at fairly high data rates; a beam shaping and transmitting telescope lens to transmit the laser beam through the atmosphere toward a distant point; a receiving lens or telescope to collect and focus the intercepted laser light onto a photodetector; and a receiver amplifier to amplify and condition the received communication signal. The transmitted laser beam passes through the atmosphere and can be absorbed, scattered or displaced, depending on atmospheric conditions and on the wavelength/ linewidth of the laser source.
If the laser beam has to transverse distances shorter than 200-500 m or so, finite movement and sway of the local buildings attached to the system may shift the transmitted beam away from the receiving telescope aperture and outside the angular acceptance angle of the system. In this case, or in the case of high atmospheric turbulence, an active tracking device may have to be used to align the beam onto the receiver using a small gimble mirror, lens translation stage, or detector/laser translation stage. Active tracking is not necessary if sufficient laser power can be made available, if the divergence of the beam can be expanded and if the building and alignment are stable. Figure 1 is a photograph of a FSO unit that operates at 1.55-m wavelength and can provide a data link at speeds up to a Gbit/s. 5 The unit, made by Terabeam, has a small single transmitted laser beam and a larger receiver telescope lens. It also has an optical video alignment TV that the installer uses for initial alignment to the other rooftop or window office unit. Active tracking is used to help compensate for building sway. In some units made by other manufacturers, multiple transmitted beams are used to reduce the effect of alignment changes and atmospheric turbulence fluctuations
Laser and optical sources
Most current FSO systems use either 0.8-m LEDs, 0.8-m diode lasers, or 1.5-m diode lasers. The GaAsAl diode lasers operating near 0.8-0.9-m wavelengths have CW power levels on the order of 0.01-0.1 W, while InGaAsP lasers near 1.5 µm operate with tens of milliwatts of power. The 1.5-m diode laser can be boosted by the use of Er:fiber laser amplifiers to levels of 1-10 W, and up to several hundred watts for specific satellite communication applications.
A wide range of other lasers may have potential for use in FSO systems; they include vertical-cavity surface-emitting lasers and quantum cascade lasers. Most of these semiconductor lasers are directly modulated at rates up to 10 Gbit/s using the drive current of the laser or an internal loss material. The LED modulation rate is generally 1-10 MHz, but newer models, including quasi-cavity LEDs, have modulation rates on the order of 100 MHz.
Some lasers have linewidths that are either single frequency (single longitudinal cavity mode) or consist of several laser modes within a group of lines. A LED has a broad, noncoherent emission spectrum that covers a range of 50 nm (about 500 cm -1 or 15,000 GHz), while the typical multimode diode laser shows multiple longitudinal modes covering a range of about 3 nm. The output spectrum of a single-frequency, 1.55-m distributed feedback laser-whose laser output has been controlled through use of Bragg reflection from imposed index variations along the semiconductor laser cavity-has a linewidth of about 50 KHz. These considerations are important since the exact wavelength and linewidth of the laser can determine the absorption and scatter properties of a FSO laser beam as it propagates through the atmosphere
Atmospheric attenuation and scatter
The attenuation of an optical beam as it propagates through the air is given by the Beer-Lambert law as
where I o is the initial optical intensity in watts, I(x) is the intensity after the beam has traveled a distance of x meters, and ␣ is the attenuation coefficient of the medium in m -1 . Attenuation of the atmosphere can be caused by several factors, including absorption of the beam via molecules in the atmosphere and attenuation of the beam due to Rayleigh or Mie scatter with molecules or aerosol particles in the air. 6 For most FSO applications, Mie scatter (especially due to fog) is often dominant.
As an example of optical transmission of the normal atmosphere, Fig. 2 shows , a tunable laser beam that has a linewidth on the order of 0.1 cm -1 or less can be absorbed if it is tuned on-line, or partially absorbed if it is tuned in wavelength to the off-line position. It is because of this close connection between the laser linewidth/ wavelength and the atmosphere absorption lines that careful selection of the laser wavelength can have a significant influence on FSO system performance.
Attenuation is due not only to the absorption of molecules in the atmosphere but also to scatter from aerosols and particles: fog, clouds and dust particles can all add to the attenuation of the optical beam. For molecules and spatial scale changes in the index of refraction much smaller than the wavelength of light, the scatter is named after Lord Rayleigh, who first quantified the effect. Rayleigh scatter is dominant in the short, or blue, wavelength regions, but not at longer wavelengths.
Mie scatter
When the scatter site is large or on the order of the wavelength of light, the scatter is a complex interference phenomenon with destructive and constructive interference lobes emanating outward from the particle. This Mie scatter is highly angle-, polarization-, wavelength-and particle-size dependent. In theory, Mie scatter can be calculated for known particle sizes and orientation. However, it cannot be calculated a priori for complex shapes and orientations of particles such as those often found in the atmosphere. For this reason, the Mie scatter for the atmosphere is usually measured experimentally. Figure 3 shows the measured attenuation or extinction coefficient of the atmosphere as a function of wavelength for several different atmospheric conditions. 10 Since the values shown in Fig. 3 have large error bars and depend on specific atmospheric conditions, often direct experimental measurements must be used.
A comparison of Figs. 2 and 3 suggests that, at many laser wavelengths, the attenuation caused by a strong absorption line in the atmosphere may dominate that caused by background factors like urban haze. In FSO design, for this reason one first chooses a laser wavelength that is offline of any strong absorption line in the atmosphere. Once this choice has been made, the next consideration is attenuation from clouds, rain, snow and fog. The Air Force Modtran and Lowtran computer programs offer excellent attenuation calculation capabilities for rain and snow. 8, 9 In short ranges (under 500 m), rain and snow attenuation is usually not severe. Fog, however, can cause severe degradation in the signal. Thick fog can cause attenuation of up to 200 dB/km, or a reduction factor of 10 -20 for a kilometer path. Moderate fog has an attenuation of about 20 dB/km in the visible to near infrared (IR).
Detector noise and bit-error rate
Today, most commercial systems feature direct detection of the intensity-modulated laser beam. The optical detectors used are usually small, high-bandwidth photodetectors, either Si photodiodes or Si avalanche photodiodes (APDs) for wavelengths up to 1.1 m, and InGaAs photodiodes or APDs for 1.5-m wavelengths. To obtain the 10 MHz-10 GHz speed required, the size of the detector is kept small, on the order of 20 to 100 m, to reduce capacitance and RC time constants. Most of the detectors used have detection sensitivities or Noise-Equivalent-Power (NEP) values ranging from a microwatt down to tens of nanowatts.
In general, the detectors used in the visible to near-IR spectral region are shotnoise limited. In other words, the dominant noise is the statistical fluctuation of the signal photons, which is essentially the square root of the number of photons in the signal. For this reason, the detector noise is usually stipulated in terms of a minimum detectable signal in decibels referenced to 1 mW, or-in the case of Johnson noise of the detector or amplifier combination-as a background current. In the IR spectral region, however, the background radiation, or thermal emission, of the 300 degree Kelvin world is often the dominant noise source.
11
As a measure of system sensitivity and the signal-to-noise ratio (SNR) in determining the probability of correctly decoding the bit stream in the signal, in most communication systems the bit-error rate (BER) is used. 12 The BER, which can be related to the SNR of the communication link, is a measure of the percentage of bits in error within the ensemble of bits received. It is common for today's FSO links to have a BER on the order of 10 -9 to 10 -10 for the case in which no error-correcting codes are used. A BER of 10 -9 requires a peak SNR of 12, which corresponds to a value of 6 for the average SNR value.
12 For this reason, SNR = P r /NEP = 6 is often used as the detection threshold for a FSO communication link; here, P r is the average laser beam power detected by the receiver.
Beam divergence and telescope alignment
The transmitted laser beam is divergent because of optical diffraction, where the angular spread, ⌬ l is equal to /D l (where D l is the size of the initial laser beam) times M 2 (where M is the laser-mode structure parameter value). Often, the beam divergence of a FSO system is made intentionally larger than the diffraction limit so that the projected beam size is several times larger than that of the receiver telescope. This eases the alignment of the two transmitter and receiver telescope optical axes. By slight defocusing of the transmitter telescope, beam divergence, or beam spread, is often made to be 0.1 to 1 mrad, as opposed to the normal Gaussian diffraction minimum of, say, 0.01 to 0.1 mrad.
The field of view of the receiver telescope is the beam collection angle of the detector and telescope combination. Only light that falls or originates within this cone about the telescope optical axis will be focused onto the detector. The receiver telescope field-of-view angle, ⌬ r , is given by ⌬ r = D d / f , where D d is the size of the detector and f is the focal length of the receiver telescope. The optical axis of the receiver telescope and detector combination must be aligned within ⌬ r of the transmitter-to-receiver optical axis. For a typical 300-m-size detector and a telescope focal length of 0.3 m, the field of view is about 10 -3 radians.
FSO range equation
The FSO range equation combines attenuation and geometrical aspects to calculate the received optical power as a function of range and telescope aperture size. The FSO range equation can be given as
where P R is the received optical signal power, P T is the transmitted optical laser power, A r is the area of the receiver telescope or collection lens, T is the combined transmission receiver optical efficiency, and the area of the beam at a range R is
. K is another loss factor that deviates from a normal value of 1 when a noncoherent light source, such as an LED, is used. K is equal to 1 for a laser source, and has a value of A det / A LED < 1, where A det is the area of the detector and A LED is the area of the LED source. The factor of K takes into account that, because of thermodynamic reciprocity (brightness) considerations, a noncoherent optical source cannot be focused to an area smaller than that from which it originated.
The FSO range equation can be used to generate FSO SNR or power detection curves as a function of range. For example, Fig. 4 shows the calculated received power as a function of range for the case of a 10-Mbit/s bandwidth, low power 0.85-m LED FSO system with: 40 mW power; 13-cm receiver; T of 0.2; K = A det /A LED = (0.28mm) 2 /(0.5mm) 2 = 0.3; divergence of 1 degree = 0.0175 radians; and NEP of the Si detector of 300 nW for daytime operation. These specifications are appropriate for a moderate power, 0.85-m LED FSO system that serves as a "strawman," for illustrative purposes only. Two atmospheric cases are shown: one for low attenuation (10 -4 /m, or 0.2 dB/km) due to low altitude haze; and one for moderate attenuation (10 -2 / m, or 20 dB/km) from clouds similar to light or moderate fog. As can be seen, the returned signal follows a 1/R 2 dependence at close-in ranges and the Beer-Lambert exponential decay at longer ranges. A threshold for the NEP of the detector at 300 nW is also shown, along with a value of the required SNR six times greater than the NEP, corresponding to a BER of 10 -9
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. As can be seen, the system should have good FSO communication capability at ranges out to 600 m for hazy conditions and out to 200 m under moderate or light fog conditions. These ranges would be superior under night-time conditions, when the NEP of the detector would be less, or in operations under dry or no-haze conditions.
Refractive turbulence
The most familiar effects of refractive turbulence in the atmosphere are the twinkling of the stars and the shimmer of the horizon on a hot day. The first is caused by random fluctuations in the amplitude of the light. The second is the random change in the optical phase of the light beam that leads to a reduction in the resolution of an image. In the visible and near IR, these fluctuations are caused by small (0.01 to 0.1 degrees) fluctuations in the temperature of the atmosphere on the spatial scale of 0.1 cm to 10 m, which cause changes in the index of refraction of the atmosphere. These small-scale fluctuations can distort and break the laser beam into small turbulence cells. Although in the far-IR spectral region the influence of these temperature fluctuations is diminished, large-scale spatial changes in the background absorption and concentration of water vapor can also cause large beam wander and fluctuations.
Work by the National Oceanic and Atmospheric Administration and DoD during the past 40 years has allowed us to understand the phenomenon of atmospheric refractive turbulence, yielding predictive equations relating optical beam fluctuations to the refractive-turbulence structure parameter, C n 2 . The fluctuations in the intensity or irradiance of the optical beam can be expressed approximately (for weak turbulence) as 9 r 2 = exp[0.5 k 7/6 R 11/6 C n 2 ] -1 ,
where r 2 is the irradiance variance (normalized by the mean irradiance value), k is the optical wave number (2/) and R is the range.
The autocorrelation spectrum, or power spectral density, of the optical beam fluctuations gives the frequency, or speed, of the fluctuations. Experiments have shown that the decorrelation time of atmospheric refractive turbulence fluctuations is on the order of 1 to 10 ms, so that the frequency of the fluctuations is on the order of a few hundred Hz or less.
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The equations above can be used to estimate the approximate level of fluctuations of a projected laser beam under controlled or laboratory conditions. The values for the standard deviation of the fluctuations, , are usually on the order of 0.05 to 0.7 (i.e., 5-70%) , depending on the values of C n 2 used. But experience has shown that in many experimental and field-site cases, complex wind-flow patterns (which are not energy conserving) exist, as do other atmospheric inhomogeneities that can cause beam drift and local absorption. For this reason, it is usually hard to accurately predict the fluctuation level in a particular setup. In this case, one has to resort to actual measurements of the fluctuation variance levels, 2 , to compare different experimental systems.
Under normal circumstances, the fluctuation variance level can be related to the information content SNR by
where 2 represents the averaged or processed normalized variance, measured over the time interval used to determine the SNR of a decision period (possibly of one data bit or, for a coded word, multiple bits). If signal averaging is used, this usually has the effect of reducing the estimate of the variance by the square root of the number of samples averaged.That is
where n is the number of samples integrated, SNR n is the SNR for n samples and SNR 1 is the SNR for a single sample. Equation (5) is valid for an ergodic process that has random noise, but has to be reduced if nonrandom noise or processes are present.
14 As can be seen in Eq. (5), the SNR can be improved through averaging multiple signals within the information decision period. This is shown in an excellent study by Kim et al., who used multiple laser beams to study the effect of refractive turbulence.
15 Figure 5 shows the fluctuation levels measured over a 20-s time period for a 1.5-m, 1.2-km FSO system that used one, two and three separate laser beams. As can be seen, the use of several laser beams reduced the fluctuation levels and had the effect of increasing the measured SNR.
The total system SNR will be a combination of all the fluctuation SNR values, power-limiting SNR considerations and averaging effects within the communication decision time. Additional research is needed to better understand the trade-offs in the total system SNR and the area of signal averaging and atmospheric effects, including mitigation through the use of multiple wavelengths, beams, detectors and temporal samples.
Telescope design and alignment
The telescope and receiver lens used in a FSO system are usually a compromise between wide apertures for greater light gathering, short focal length for ease of handling, moderate field of view for ease of alignment and optical coatings for narrow spectral filters for daytime use. Common configurations are either a single lens and detector, a short focal length Cassegrain or Mangin telescope, a holographic lens or a flat Fresnel lens. In the latter case, the focal volume and resolution are not as good as those of a conventional lens but may be sufficient since in many cases the beam divergence and field of view of the transceiver have been enlarged to ease optical alignment of the system. Alignment and tracking can be difficult Range (m)
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1.E-08 0 200 400 600 800 1000 problems for long-range systems. For short ranges (under 200-500 m), the alignment and beam wander of the communication beam may be small enough that only coarse mechanical alignment is required during the initial setup. For longer ranges, however, some form of active alignment and tracking is usually required. Two axis gimbals on the telescopes or the entire FSO unit are often used, as is active positioning of the detector in the x-y image plane of the telescope. Fluctuation times on the order of 1-10 ms are required for atmospheric fluctuation, while building sway may have resonance times on the order of 1-10 s. Temperature and wind-driven gross movement of buildings will have times on the order of hours. It is common to use quad (4) detectors and/or CCD cameras to monitor a separate alignment beam in order to actively track and compensate such movement.
Laser eye safety
A laser beam operating with an irradiance (W/cm 2 ) above a certain level can cause damage to the human eye. The minimum permissible exposure level (MPE) is tabulated in the ANSI standards. 16 The standards, written for direct ocular view, are given as a function of wavelength. This is important because for wavelengths under about 1.4 m (1400 nm), the optical radiation that enters the eye is focused onto the retina and increased in irradiance. For wavelengths longer than about 1.4 m, the light is absorbed by the cornea and vitreous humor inside the eye. Taking these considerations into account, the ANSI standards indicate that the MPE for a 10-s exposure is about 1 mW/cm 2 for 0.8-m wavelength and about 100 mW/cm 2 for 1.55-m wavelength. The eye safety level for a LED is higher since LEDs are noncoherent sources and will not be focused to a small, diffraction-limited spot on the retina.
Most FSO systems are designed to be eye safe, or to operate in areas in which a human will not intercept the beam. They often use beams tens of centimeters in diameter, which helps reduce beam intensity.
System and engineering trade-offs
Besides the scientific factors to be taken into consideration in FSO design, a considerable number of system and engineering trade-offs must be evaluated. Some of the trade-off parameters that need to be taken into account include: ease of modulation of the laser or LED (direct modulation through the power supply or the need for an expensive external modulator) detector bandwidth and cooling requirements in the case of IR detectors; increased laser beam divergence and possible need to increase laser power versus increased cost of using adaptive optics or active alignment of a narrow laser beam; cost of laser or LED system at different wavelengths versus advantages of availability of cheaper detector components versus penetration of beam through fog or rain; and eye safety versus laser beam size versus divergence of beam and beam size at detector telescope. Although a significant number of engineering trade-offs clearly have to be made, there are usually several different ways to build a successful solution for a specified operating condition. There is usually no single wavelength or ultimate maximized system, but rather several that will provide the communication link required.
Future considerations
FSO is just starting to be applied to solve the Internet "last-mile" interconnectivity problem. Some believe that it may be the unlimited bandwidth solution for the metro urban core of downtown buildingto-building communication, as well as the optimal technology for home-to-home and office-to-office connectivity. FSO systems have been shown to be reliable (99.9% to 99.999%) communication channels with fast bandwidth. They are easy to set up and provide cost-effective solutions. The industry, however, does not yet know how to properly deploy them in telecom networks. To address these concerns, the FSO community recently launched the Free Space Optics Alliance to educate the communication industry as a whole. 17 It is believed that industry-wide education will enable standards to emerge and growth of FSO technology to occur. Finally, it should be noted that to better quantify the technical and scientific aspects of FSO, there is still a need for research in new laser sources, atmospheric spectroscopy, multibeam and active alignment techniques and multidetector averaging.
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